Aims: An actinomycete strain, designated KBS50, was isolated from a beach sediment sample collected from the Santubong area in Sarawak, Malaysia. This study reports on the identification, characterization and evaluation of the antimicrobial potential of this rare actinomycete. Methodology and results: KBS50 was identified as a potentially new species of Plantactinospora genus using the 16S rRNA gene sequence analysis. The rare actinomycete showed distinct morphological and physiological characteristics from other species of Plantactinospora. KBS50 exhibited strong antagonistic activities against Gram-positive bacteria (Staphylococcus aureus and Bacillus subtilis) and fungi (Aspergillus niger, Ganoderma boninense, and Rhizoctonia solani). The actinomycete also tested positive for proteolytic activity. Meanwhile, secondary screening of the cell-free culture broths and the ethyl acetate crude extracts detected antimicrobial activity against the Gram-positive bacteria only. The minimum inhibitory concentration of the crude extract against B. subtilis and S. aureus was 5.21±1.30 µg/mL and 15.63±0.00 µg/mL, respectively. Conclusion, significance and impact of study: The results presented in this paper provided an insight into the capability of Plantactinospora sp. KBS50 as a potential source of bioactive secondary metabolites compounds. This study also showed that the marine-associated environment such as the coastal area in Sarawak can be a valuable source of unique actinomycetes that can be exploited for natural product discovery.
INTRODUCTION
Rare actinomycetes, especially of marine origin, have been recognized as an alternative source of novel natural product drug candidates. Many efforts have been made to explore the marine environment for isolation of actinomycetes for secondary metabolite screening (Fiedler et al., 2005; Bredholt et al., 2008) . However, isolation of marine actinomycetes from deep-sea sediment may require specialized techniques and equipment for sample collection and cultivation, thus limiting access to these valuable microorganisms. Notwithstanding that, marine-associated environment such as the mangrove and beach along the coastal area also present high diversity of actinomycetes (Amrita et al., 2012; Xu et al., 2014; Azman et al., 2015) which could serve as an alternative source for discovery of novel bioactive natural product compound.
Currently, there is a lack of data on natural product discovery from local isolates, especially actinomycetes isolated from the marine-associated environment in Sarawak. At the same time, there is an increasing need to explore new areas for the isolation of novel source of bioactive secondary metabolite compound, owing to the decline in the discovery of new compounds as well as a surge in the incident involving antibiotic-resistant pathogens (Berdy, 2012) . In the present study, an effort was made to evaluate the antimicrobial potential of a rare actinomycete, strain KBS50, which was isolated from a beach sediment sample collected from the Santubong area in Sarawak, Malaysia. This study also explores the capability of the strain in producing extracellular enzymes with cellulolytic and proteolytic activities. Production of enzymes such as protease and glucanase could be of interest as it may contribute to the antagonistic activity against fungi.
The results presented in this paper provided an insight into the capabilities of a rare actinomycete strain isolated from a marine-associated environment as a potential source of bioactive natural product compound, as well as a candidate for biocontrol agent against plant pathogenic fungi. This study also showed that the marine-associated environment such as the coastal area in Sarawak can be a valuable source of unique actinomycetes that can be exploited for drug discovery.
MATERIALS AND METHODS

Actinomycete strain maintenance and preservation
Strain KBS50 was maintained on the International Streptomyces Project medium 2 agar, ISP2 (Shirling and Gottlieb, 1966) , while the stock cultures are stored at -80 °C freezer in cryovials containing 1 mL of 20% nutrient glycerol.
Strain identification and phylogenetic analysis using 16S rRNA gene sequence Strain KBS50 was cultivated in 20 mL ISP2 broth in a 125 mL Erlenmeyer flask at 28 °C for three days with constant shaking at 200 rpm. Vegetative cells were collected by centrifugation and genomic DNA (gDNA) was extracted and purified using the CTAB method adapted from Moore et al. (2004) . The 16S rRNA gene sequence was amplified using the universal primers pair 27F (5'-AGAGTTTGATCMTGGCTCAG-3') and 1492R (5'-TACGGYTACCTTGTTACGACTT-3'). Sequencing was performed using BigDye Terminator cycle sequencing kit on an automated DNA sequencer, ABI Prism 3130 XL Genetic Analyzer (Applied Biosystems, USA) using the same primers pair. The 16S rRNA gene was analysed for sequence similarity in the GenBank® database using the Basic Local Alignment Search Tool (BLAST ® ). The phylogenetic tree was inferred using neighbour-joining method (Saitou and Nei, 1987) and evolutionary distances were computed using the Maximum Composite Likelihood method (Tamura et al., 2004) with bootstrap analysis (Felsenstein, 1985) of 1000 replicates using MEGA version 6 software package (Tamura et al., 2013) . Sequence identity matrix was calculated using the BioEdit program version 7.2 (Hall, 1999) .
Morphological and physiological characterization
Morphological characteristics including colony colour, mycelia and spore formation on ISP2, ISP3, ISP4 and ISP5 agar media were observed and recorded according to the method of Shirling and Gottlieb (1966) . The ability of the actinomycete to grow at different concentrations of sodium chloride, NaCl (0, 1, 2, 3, 4, 5, 6, 7, 10, 12, 15 and 20%, w/v), different temperatures (4, 10, 20, 25, 28, 30, 37 and 40 °C), and pH (4, 5, 6, 7, 8, 9, 10, 11, 12 and 13) was tested on ISP2 agar. The growth was compared relative to its growth on a standard cultivation condition (ISP2 medium, 28 °C, pH 7.2). The growth was considered 'good' when it is equal or better than the growth on standard cultivation condition. Likewise, the growth was considered 'poor' when the growth is less than the growth on standard cultivation condition. The growth was observed and recorded at the 7th, 14th, 21st and 28th days of incubation. Gram staining was carried out using standard Gram stain method (Bartholomew and Finkelstein, 1958) .
Evaluation of extracellular enzyme production
Carboxymethyl cellulose (CMC) agar and Avicel agar was used to evaluate the activity of endo-1,4-ß-D-glucanase and exo-1,4-ß-D-glucanase, respectively, while skim milk agar (SMA) was used to evaluate the proteolytic activity of proteases. The basal medium for CMC and Avicel agar was prepared according to Kasana et al. (2008) with the final agar containing 1% of CMC or Avicel, respectively. Meanwhile, the SMA was prepared using Nutrient Agar (NA) as the basal medium and supplemented with 2% skim milk. The actinomycete strain KBS50 was spot inoculated onto the SMA, CMC and Avicel agar test plates, and incubated at 28 °C for up to fourteen days. Glucanase activity was detected using Congo red solution as an indicator (Sazci et al., 1986; Brigitte and Aloisio, 2014) . Meanwhile, the production of proteases was determined from the formation of a clear zone around the actinomycete colony on skim milk agar (Rydén et al., 1973; Alnahdi, 2012) . Gebreyohannes et al., 2013) .
Screening for antagonistic activity
Standardized inoculums of bacteria and yeast were prepared according to Andrews (2001) from overnight cultures of the test strains in Luria Broth (LB) and Sabouraud Dextrose Broth (SDB), for bacteria and yeast at 37 °C and 30 °C, respectively. A sterile cotton swab was used to streak the test strains as a straight line perpendicular to the seven-day old actinomycete culture. Test plates were incubated at 37 °C for 24 h and 30 °C for 48 h for bacteria and yeast, respectively. The growth inhibition of test strains along the streak line (measured in mm) was used as an indication of the test strains' susceptibility towards the bioactive metabolites produced by KBS50 on the agar media. The test was carried out in triplicates.
For antagonistic activity against fungi, mycelia plugs of seven-day old fungi test strains grown on Potato Dextrose Agar (PDA) at 28 °C were prepared using sterile straw (6 mm in diameter) and inoculated onto the perpendicular streak agar plates at 25 mm distance from the seven-day old actinomycete culture. Control plates without actinomycete culture were inoculated similarly. Inhibition of fungi mycelia growth on the test plates was recorded after seven days of incubation at 28 °C. The measurement was taken on radial growth of fungal mycelium in the direction towards actinomycete culture. Percentage inhibition of radial growth (PIRG) over control was calculated as follow:
PIRG = [C -T]/C x 100
Where; C -Radial growth of fungi test strain on control plate (in mm). T -Radial growth of fungi test strain on test plate (in mm). One-way ANOVA was used to compare the level of significance in the inhibition of test strain on different agar media, using SPSS version 15 (SPSS Inc.).
Secondary screening for antimicrobial activity
Strain KBS50 was cultivated in 50 mL fermentation broths (SP2, MB, FM1 and FM8), in 125 mL Erlenmeyer flask. Fermentation was carried out at 28 °C for seven days with constant shaking at 200 rpm. Cell-free culture broths (CFBs) were collected by centrifugation at 4,000 rpm for 10 minutes, and filter-sterilized using 0.2 µm filters. Secondary metabolites were extracted from the spent broths using an equal volume of ethyl acetate, twice, then dried in vacuo using SpeedVac™ Concentrator (Thermo Scientific). The CFBs and crude extracts were tested for antimicrobial activity against E. coli NBRC 3301, P. aeruginosa NBRC 12689, S. aureus NBRC 12732, B. subtilis NBRC 3134, S. cerevisiae ATCC 9763, and A. niger NBRC 4066 using agar-well diffusion assay (AwDA).
Sterilized Muller-Hinton and Sabouraud Dextrose liquid agar were inoculated with the test strains for a final concentration of 10 6 cells/mL and 10 5 cells/mL for bacteria and yeast/fungi, respectively. Ten mL of the inoculated liquid agar were transferred into 90 mm diameter Petri dishes to solidify. The agar wells were prepared using sterilized straw of 6 mm in diameter. The dried crude extracts were reconstituted in 100% dimethyl sulfoxide (DMSO) to prepare crude extract stock solution of 100 µg/mL concentration, then further diluted to 2.5 mg/mL using sterile reverse osmosis water. Forty µL of the CFBs and crude extracts solution was loaded into the agar wells for antimicrobial testing. The antibiotics chloramphenicol (100 ppm for Gram-positive bacteria, and 400 ppm for Gram-negative bacteria) and nystatin (100 ppm for yeast/fungi) were used as positive controls, while the CFBs and the crude extracts of non-inoculated media, and 2.5% DMSO solution were used as the negative control. The concentrations of antibiotics used for the controls were slightly higher than the suggested ranges (Andrews, 2001) . The experiment was carried out in triplicate. The assay plates for bacteria were incubated at 37 °C for 24 h, while the assay plates for yeast/fungi were incubated at 30 °C for 48 h. The diameter of inhibition zone was measured (in mm) to determine the antimicrobial activity. The antimicrobial data were analyzed using one-way ANOVA using SPSS version 15 (SPSS Inc.) to determine the significance level of inhibition among the CFBs and the crude extracts.
Minimum inhibitory concentration of crude extracts
The minimum inhibitory concentration (MIC) of the ISP2 crude extract against B. subtilis and S. aureus was determined using broth microdilution method adapted from Andrews (2001) . The wells in 96 well plates were seeded with 75 µL of standardized test strain of 2 × 10 6 cells/mL. Crude extract solution of 100 mg/mL prepared in 100% DMSO was diluted to 2 mg/mL with subsequent two-fold dilutions for 10 different concentrations using Mueller-Hinton broth. From each dilution point, 75 µL was added to the inoculated wells. Chloramphenicol as a positive control was prepared similarly. Wells containing 150 µL test strain without the addition of extract or antibiotic was prepared as the growth control. The experiment was carried out in triplicate. Initial optical density (OD) was measured using 600 nm wavelength. The plates were then incubated at 37 °C for 24 h before the final OD reading was measured at 600 nm. The MIC was measured as the least concentration of crude extract or antibiotic in which no visible growth was detected.
RESULTS AND DISCUSSION
Actinomycete strain identification and phylogenetic analysis
The identity of KBS50 was established using a nearcomplete 16S rRNA gene sequence of 1326 bp long, which was within the recommended length for species description (Stackebrandt et al., 2002) . BLAST analysis showed that KBS50 had the highest sequence similarity with Plantactinospora species, where four species, namely P. mayteni, P. siamensis, P. endophytica, and P. veratri, produced the top four significant alignments of 98% identity with KBS50's 16S rRNA gene sequence. Other sequences producing significant alignments results were comprised of other members of Micromonosporaceae such as Verrucosispora, Polymorphospora, Micromonospora and Salinispora with sequence identity between 96-97%.
Phylogenetic tree constructed using the 16S rRNA genes showed that KBS50 formed a distinct monophyletic clade together with other members of Plantactinospora. The node showing the relatedness of KBS50 with members of Plantactinospora species was supported by a bootstrap value of 72% in the neighbour-joining tree ISSN (print): 1823-8262, ISSN (online): 2231-7538 (Figure 1 ). Sequence identity matrix showed the highest identity with P. mayteni (97.9%), followed by P. siamensis (97.7%), P. endophytica (97.5%), P. veratri (97.5%), P. sonchi (97.2%), and P. soyae (96.9%). Based on the cutoff point of 98.7% gene sequence similarity recommended by Stackebrandt and Ebers (2006) , actinomycete strain KBS50 can be considered as a new species of Plantactinospora. The 16S rRNA gene sequence of KBS50 was deposited into GenBank® nucleotide database under the accession number KY348801.
Figure 1:
The neighbour-joining tree showing the relationship between strain KBS50 and other species of the genus Plantactinospora. Bootstrap values (>50%) based on 1000 replications are indicated at the branch point. Actinocatenispora thailandica TT2-10 sequence (accession no. AB107233) served as the outgroup. Bar = 0.01 nucleotide substitutions per site.
Morphological and physiological characteristics of KBS50
Strain KBS50 is a Gram-positive actinomycete that forms extensively branched substrate mycelia on which the spores of approximately 0.2-0.4 µm in diameter appeared to be borne singly (Figure 2) . The strain formed circular, slightly convex colonies with no formation of aerial mycelia detected on all agar medium tested. Good growth was observed on ISP2, ISP3 and ISP4, while poor growth was observed on ISP5 medium. The colonies colour was orange-yellow on ISP2, ISP3 and ISP4 to slightly pale orange-yellow on ISP5 medium (Figure 3) . No soluble pigments were observed on any of the media tested. The strain grew well on ISP2 agar with up to 6% NaCl concentration. On ISP2 agar with 7% NaCl, the colonies grew poorly but growth was evident from the presence of poorly developed substrate mycelia as observed under a light microscope after twenty-one day of incubation. No growth was observed at 10% and a higher concentration of NaCl tested. Its ability to tolerate up to 7% NaCl concentration was higher than other species of Plantactinospora, which can only tolerate between 1-3% NaCl (Qin et al., 2009; Thawai et al., 2010; Zhu et al., 2012; Ma et al., 2015; Xing et al., 2015) . Interestingly, the genus Plantactinospora is only distantly related to Salinispora, a genus of true marine actinomycetes isolated from deep-sea sediment (Maldonado et al., 2005) . KBS50 shared 96.9-97.0% of 16S rRNA gene sequence similarity with Salinispora species. Tolerance to the high concentration of NaCl may have enabled strain KBS50 to survive the high salinity environment, although it does not require NaCl or seawater for growth, unlike its true marine relatives. KBS50 was able to grow at the incubation temperature of 20-37 °C, with very good growth observed between 25-30 °C. Poor growth was observed at 20 °C while no growth was observed at 4 °C, 10 °C and 40 °C. Meanwhile, the strain showed good growth on ISP2 agar with pH 6-11. The minimum and maximum pH tolerated, on which the strain grew poorly, were pH 5 and pH 12, respectively. No growth was observed on ISP2 agar with pH 4 and pH 13. Physiological characteristics of strain KBS50 that clearly distinguish it from other Plantactinospora species include its ability to tolerate a higher concentration of NaCl, higher pH, and its inability to grow at an incubation temperature of 40 °C. These physiological differentiations might have resulted from the strain adaptation to its new environment (Retchless and Lawrence, 2012) . Meanwhile, the basic morphological characteristics of strain KBS50 on agar media, such as the formation of substrate mycelium, type of sporulation, and colony colour, were somewhat similar to Plantactinospora species and also shared with many members of Micromonosporaceae.
Extracellular enzyme activity
Actinomycete strain KBS50 was tested positive for proteolytic activity as demonstrated by the formation of the clear zone on SMA agar (Figure 4) . The diameter of the clear zone was recorded at 23.67 ± 0.88 mm on the seventh day and increased to 44.00 ± 1.00 mm on the fourteenth day, demonstrates strong production of proteases which were excreted to the extracellular environment. On the other hand, no glucanase activity was detected on CMC or Avicel agar. 
Antagonistic activity of Plantactinospora sp. KBS50
The Plantactinospora genus is a relatively new group of rare actinomycetes within the Micromonosporaceae family, and their antimicrobial activity is not well reported. Most of the species in this genus were isolated from plant tissues such as roots and leaves, indicating their ecological association with the plants. The fact that many endophytic actinomycetes are often associated with having antimicrobial activity (Strobel and Daisy, 2003; Taechowisan et al., 2003; Golinska et al., 2015) is a potential aspect that can be explored on these endophytic Plantactinospora species. Meanwhile, the origin of KBS50 as a marine-associated actinomycete is an interesting factor in the screening of its antimicrobial activities. Over the years, several notable discoveries of novel natural product compounds were made from marine actinomycetes especially from the Salinispora species (Udwary et al., 2007; Matsuda et al., 2009) . Strain KBS50's close association with these marine actinomycetes may indicate its potential as a producer of bioactive secondary metabolite compounds. (Table 1) , although there was a significant difference in the growth inhibition as determined by one-way ANOVA: S. aureus (F(3,8) = 206.400, p = 0.000), B. subtilis (F(3,8) = 408.733, p = 0.000). The inhibition of both test strains was significantly stronger on MB agar compared to ISP2, FM1 and FM8 (p < 0.05). Meanwhile, KBS50 also exhibited antagonistic activity against fungi test strains (A. niger, G. boninense and R. solani) on the perpendicular streak assay (Table 2 ). There was a significant difference in inhibition on the four type of agar as determined by oneway ANOVA: A. niger (F(3,8) = 1663.631, p = 0.000), G. boninense (F(3,8) = 19.298, p = 0.001), R. solani (F(3,8) = 83.264, p = 0.000). Significantly strong inhibition of A. niger was recorded on MB agar (72.59 ± 0.74%) as compared to FM1 (46.67 ± 1.28%, p = 0.000) and FM8 (46.67 ± 0.00%, p = 0.000). Significantly strong inhibition of G. boninense was also recorded on MB agar (53.33 ± 1.92%, p < 0.05). The inhibitory effect of KBS50 on the radial growth of fungal mycelium toward the actinomycete culture on MB agar plates is shown in Figure 5 . The crude extracts of actinomycete strain KBS50 exhibited similar antimicrobial activity as the CFBs, which only inhibited the growth of Gram-positive bacteria (Table  3 ). There was a significant difference in the antimicrobial activity among the crude extracts as determined by oneway ANOVA: B. subtilis (F(3,8) = 41.867, p = 0.000), S. aureus (F(3,8) = 984.000, p = 0.000). The crude extract from ISP2 broth recorded the strongest antimicrobial activity against B. subtilis (17.67 ± 0.33 mm, p < 0.05) and S. aureus (12.33 ± 0.33 mm, p < 0.05). The MIC of ISP2 crude extract was determined at 5.21 ± 1.30 µg/mL against B. subtilis and 15.63 ± 0.00 µg/mL against S. aureus. As a comparison, the MIC of chloramphenicol as determined from this experiment was 3.91 ± 0.00 µg/mL for B. subtilis and 5.21 ± 1.30 µg/mL for S. aureus. It has been reported that media composition can affect the production of secondary metabolite compounds from actinomycetes (Bode et al., 2002; Bills et al., 2008; Wang et al., 2013; Hewage et al., 2014) . Therefore, four different types of media were employed in the antimicrobial screening to increase the chances of discovering antimicrobial activity against the test microorganism. The antimicrobial screening showed that the activity was indeed affected by the cultivation media, although the differences were limited to the growth inhibition level against the test strains and did not increase the antimicrobial spectrum. While strong antagonistic activity against S. aureus, B. subtilis, A. niger, G. boninense and R. solani was observed and recorded on the perpendicular streak assay, the secondary screening of CFBs and crude extracts using the AwDA only detected antimicrobial activity against the Gram-positive bacteria. It was possible that the antagonistic activities against these fungi strains were the result of the proteolytic activity of proteases on the agar media. Proteases activity could be linked to antagonistic activity against fungi test strains by inhibiting the growth of fungal mycelia (Illakkiam et al., 2013; Liu and Yang, 2013) . Screening of CFBs from liquid cultures, however, did not result in the inhibition of A. niger, suggesting that the antifungal compound was produced selectively on solid agar medium but not in the fermentation broth. Other possible reason could be the presence of a very low amount of the antifungal compound in the crude extracts that was below its effective inhibitory concentration.
Secondary screening and determination of MIC
CONCLUSION
Based on the results presented in this study, the marinederived rare actinomycete Plantactinospora sp. KBS50 was found to be an interesting producer of secondary metabolites especially compounds with antimicrobial activity against the Gram-positive bacteria. The antimicrobial screening of the crude extracts indicates the potential influence of nutrient composition on the production of bioactive secondary metabolites by the actinomycete strain. Although this study did not involve the screening of other species of Plantactinospora, our findings may reflect the potential capabilities of the member of this genus to produce bioactive secondary metabolite compounds, given their unique taxonomical position and the endophytic nature of most of the species. Future study may focus on the effect of medium compositions and cultivation parameters towards the production of secondary metabolites by KBS50, as well as the isolation and identification of the bioactive compounds. It is also within our interest to sequence and analyses the complete genome of this unique actinomycete to further unravel its natural product biosynthetic capability.
